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Introduction. In the context of the transition of the world industry to new production technolo-
gies, the task of monitoring the technical condition of automatic control systems components, includ-
ing pressure sensors, is urgent. Despite the existence of research and development aimed at creating
systems for diagnostics and self-diagnosis of pressure sensors, the degradation mechanisms of me-
chanical parts of sensors and diagnostics algorithms during operation remain insufficiently studied.

Aim. Propose algorithms for condition monitoring of the mechanical and hydraulic system of
in-line pressure transducers.

Materials and methods. This study is based on tests conducted on pressure modules with de-
fects that simulate the lack of liquid in the separation cavity of the mechanical and hydraulic system
of the transducer, manufactured by the industrial partner. The method of fault diagnosis is based on
the analysis of statistical characteristics of the ADC signal of the pressure modules.

Results. During the tests, hypotheses were confirmed about the dependence of the standard de-
viation of the output signal of the pressure module on the volume of liquid-oil in the channel. Based
on the obtained data, algorithms for diagnosing the technical condition of the pressure sensor were
proposed, which use the values of the sensor signal STD as a diagnostic parameter. The algorithms
provide verification of the applicability conditions of the considered method and use additional in-
formation about the technological process. The problems that need to be solved for the practical im-
plementation of algorithms in real production are formulated.

Conclusion. The proposed algorithms for condition monitoring of the pressure sensor differ
from the known diagnostic algorithms in that they use the results of experimental studies and are
aimed at detecting a malfunction of the mechanical part of the sensors. Algorithms can be used to
monitor the technical condition of in-line pressure sensors during operation under certain conditions
that need to be clarified in the course of further research and field tests.

Keywords: condition monitoring, pressure transducers, fault detection, noise analysis, standard
deviation.

Introduction

In the context of the transition of the global industry to new digital and intelligent production technol-
ogies, the key is to use a large amount of data that is transmitted and processed digitally. The source of the
data, as a rule, are the sensors and other measuring devices. Features of Industry 4.0 include sensor revolu-
tion — a mass transition to the use of digital sensors, actuators and automatic control systems [1]. The num-
ber of sensors used in various applications of Industry 4.0 is increasing at an enormous rate.

At the same time, the problem is not only an increase in the number of sensors, but also an increase
in the requirements for the measurement quality. Since it is assumed to manage all technological objects
and processes based on mathematical models and digital data, the increasing challenges of digital condi-
tion monitoring of equipment and automation of production processes increase the requirements for the
new measurement, control and diagnostics techniques. The development of digital, intelligent produc-
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tion technologies leads to an increased need for intelligent sensors of a new type. The growing number
of sensors and their integration into automatic control systems requires new approaches to the methods
of their metrological maintenance.

Due to the fact that the equipment is subject to break during operation, the task of monitoring its
technical condition is relevant, especially at present, in the context of transition to new production tech-
nologies. Sensors are key elements of the automatic control system and the reliability of the entire sys-
tem depends on the their reliability.

Many papers describe diagnostics and forecasting of various technical systems, in particular, there
are works related to online monitoring of technical condition and self-diagnostics (self-check) of pres-
sure sensors. Various solutions to the problem of increasing the reliability of sensors during operation
are proposed, from redundant sensors to the development of new designs of pressure sensors with the
function of self-diagnosis or metrological self-check [2—8].

Mass-produced pressure sensors have implemented algorithms for basic diagnostics of their own
condition. There are also developments that allow condition monitoring of the technological process
based on sensors of physical quantities [9—11]. There are works devoted to the study of possible errors
of pressure sensors during operation and their signatures [12—16]. Nevertheless, the mechanisms of deg-
radation of the mechanical parts of sensors and their manifestation in the sensor signals available for
monitoring are insufficiently studied [14]. Overcoming this problem is an urgent task for the develop-
ment of industry.

In this paper, we consider the problem of diagnostics of the technical condition of the mechanical
and hydraulic system of an in-line pressure transmitter during operation. The paper suggests ideas for
implementing diagnostic algorithms based on tests of pressure transmitters. The result of the study is
that in conjunction with the pressure sensor manufacturer, an experimental study of the effect of sensor
fill-oil leakage on the characteristics of sensor output signal was conducted. The results obtained will
allow to refine the program of research and development work to create a full-fledged system for sensor
condition monitoring.

1. A pressure transmitter fault symptoms

In this paper, we have studied in-line gauge pressure transmitters. The mechanical and hydraulic
system (MGS) of a pressure transmitter is a part of the sensor that is directly affected by the working
medium. The main function of the MGS is to transform the pressure of the working medium into the
strain of the measuring membrane of the transmitter. Failure of the system leads to its inability to trans-
mit the pressure of the working medium to the measuring membrane and the sensor becomes inoperable.
For example, fill-oil leakage leads to a violation of the mechanical connection between the measured
medium and the sensor. The failure of this system is manifested as a lack of technical ability to perform
the required function.

The condition of the mechanical and hydraulic system is characterized by its physical parameters —
mass, stiffness, geometry, etc. Defects in the mechanical and hydraulic system can lead to its failure, but
in general it can perform its function even if minor defects occur, although the conversion function
changes and the measurement error increases [12].

It was not intended to make changes to the design of sensors, so it was decided to select a method
for sensor condition monitoring based on the output signal noise analysis. A review of the literature and
theoretical analysis allowed us to formulate hypotheses that were tested experimentally during tests of
faulty pressure modules. A total of 6 normal and 14 faulty pressure modules were tested.

The faulty modules simulating fill-oil leakage were manufactured by the industrial partner. The modules
differed in the percentage of remaining liquid — from 53 % to 94 %. The percentage of remaining liquid cor-
responds to the stage of development of this fault, which allows us to investigate not only the presence of this
fault, but also to determine at what stage it can be detected by the proposed method.

The tests were conducted using specialized test facility at SUSU, which allows you to regulate the
flow rate of the working medium and its pressure up to 500 kPa. The tests were performed at room tem-
perature. The pressure was controlled using the pressure sensor BD SENSORS DMP 331. The required
pressure was set by regulating the actuators — the GRUNDFOS pump and the regulating valve.

According to the test results, all modules were divided into two groups. The first group consists of
modules with fill-oil from 53 % to 87 %. The second group consists of modules with fill-oil of 89 % or
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more. The behavior of the first group (which can be considered faulty) is distinguished by the minimum
value of the standard deviation (STD) of analogue-to-digital converter (ADC) output signal, which is
constant with the input pressure, as well as the weak influence of the input pressure on the average value
of the ADC codes (when the pressure increases above 100 kPa). The dependence of the average value
and the output signal STD for modules with a fill-oil of 83-87 % is shown in fig. 1. For comparison,
fig. 1 also shows a dependency graph for the module with a 94 % fill-oil.
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Fig. 1. The dependence of the average value (a) and STD (b) of ADC codes for the first group
of faulty modules in comparison with the module with 94 % fill-oil

Fig. 1 shows that the STD of the output signal of faulty modules with fill-oil of 87 % or less does not
depend on the input pressure and takes a minimum value approximately equal to the STD value at zero
overpressure. For the second group of modules (with fill-oil of 89 % or more), this effect is not observed or
is not always observed, and their behavior is indistinguishable from the behavior of healthy modules.

Fig. 2 shows the interval estimates of the STD of the sensor output signal for modules with different
fill-oil percentages at an input pressure of 500 kPa, where the vertical value stands for the sample
STD estimate with an interval of £2c, and the horizontal value stands for the percentage of fill-oil.
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Fig. 2. Graph of STD estimates for pressure modules
with different amount of fill-oil

The hypothesis of the dependence of the noise STD on the amount of fill-oil was confirmed.
The value of the STD of the output signal from the pressure sensor can act as a diagnostic parameter of
the pressure transmitter condition. This value can be used in pressure sensor monitoring systems.
The conducted tests confirmed the possibility of using the ADC codes of the sensor as the basis of the
method of diagnostics of its technical condition and allow us to offer possible diagnostic algorithms.
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2. Algorithms for sensor condition monitoring during operation

Currently, the transition to new production technologies raises the question of the possibility of im-
plementing systems for on-line condition monitoring of sensors, and increasing the calibration interval
or completely abandon their scheduled metrological maintenance, as well as more economical ways to
preserve or improve the reliability of automatic control systems.

The traditional way to ensure reliability is redundancy. Many important systems have triple redun-
dancy. It is known that for condition monitoring of a pressure sensor only according to its indications, it
is necessary to use at least three pressure sensors measuring the same medium under the same
conditions [13]. If the readings from one of the sensors differ significantly from the readings from the
other two, it can be concluded that this sensor is faulty.

In [14], such a monitoring system is used at nuclear reactors for increased monitoring of indications
for an aggressive environment. This type of system uses redundant sensors, which are combined sensors
that measure the same process parameter under the same environmental conditions.

Emerson Process Management offers a statistical process monitoring technology [10, 11] that can
be used to detect anomalies in the impulse lines of various pressure transducers. This is achieved by us-
ing statistical methods to determine the characteristics of the signal received from the sensor and record
their changes. This system uses mean and standard deviation values. For example, when impulse lines
are plugged, the average value of the measured value remains constant, while the value of STD changes
significantly. In this case, the monitoring system informs the operator that a fault has occurred.

The proposed algorithm for diagnosing the technical condition of a pressure transmitter is based on
the calculation of the ADC codes STD during the sensor operation and comparing it with the reference
value, which can either be pre-set when calibrating the sensor, or set at the beginning of using the sensor
in the process. The study shows that in the presence of a sufficiently pronounced fault (the percentage of
fill-oil leakage is more than 11 %), the output signal STD level remains at the minimum level and is
constant with the input pressure. This suggests that the reference value of the STD can be set together
with the zero-offset setting at zero overpressure.

Next, there are two possible ways to implement the algorithm. The first is a simple comparison of
the calculated current STD value (for example, for 1 second on 20 conversions) with the minimum ref-
erence value. If the difference between the current value and the reference value of a pre-set threshold is
exceeded, the message “Pay attention” is displayed. The second variant of the algorithm implementation
is memorization of pairs of values (STD, mean) in the training mode for this technological process. In
monitoring mode, every two newly calculated values (STD, mean) are compared with the database of
values. If for this mean value, the current STD value is significantly less than the value from the data-
base, an error message is returned. The specific numerical values and the details of calculating the refer-
ence values depend on the conditions in which the sensor is intended to be used, and must be established
through application studies for a specific type of task.

The diagnostic algorithm based on monitoring of STD is similar to the well-known Statistical Pro-
cess Monitoring (SPM) algorithm implemented in some Rosemount products [11], but it also has some
differences. The Statistical Process Monitoring algorithm continuously calculates the mean value of the
signal and its STD in the “Monitoring” mode. An alarm signal is triggered if the STD significantly de-
creases with the mean value unchanged.

If there is a malfunction of the sensor associated with its mechanical and hydraulic system, the cor-
rect display of the pressure value will fail, so the mean value will not be unchanged. Accordingly, to
implement the function of diagnostics by the sensor of its own condition, it is necessary to update the
SPM algorithm, taking into account the knowledge of the nature of the sensor's fault manifestation in its
output signal.

In some cases, in order to detect the sensor's failure, it is enough to monitor the value of the signal's
STD. But in general, even if the condition for the presence and power of noise is met, the STD may be a
necessary but not sufficient indication of a fault. In order to reliably determine the condition of the sensor,
additional parameters must be monitored, such as response time or parameters related to the signal spec-
trum. It is probably possible to take into account the dynamics of the sensor in the form of a time constant
of a transient characteristic or other parameter. It is also possible to use information from multiple sensors.
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Fig. 3. Diagram of a pressure sensor monitoring system The scheme consists of a

pipe section with flow parameters
P, — flow pressure at the pipe inlet, P, — flow pressure at the pipe outlet (subject to restrictions: P; is ap-
proximately equal to P,), two pressure sensors and a transmitter of process variables that sends data to the
control system. Fig. 4 shows the flowchart of the condition monitoring algorithm.
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Fig. 4. Flowchart of a pressure sensor condition monitoring algorithm
based on the readings of two sensors

The condition monitoring algorithm shown in fig. 4 includes a sequential set of actions. In block 1,
process and variable data are obtained from pressure sensors. Further, the block 2 is the main data pro-
cessing that allows you to check limitations of the method (block 3), and calculate the reference values
of STD for which we can conclude about the sensor error. In block 3, data from both sensors can be tak-
en into account. Block 5 compares the calculated values of the standard deviation with a reference value,
which can either be pre-set during calibration of the sensor or calculated at the beginning of the use of
sensor technology process. The final stage of the algorithm is block 7, which generates the output.
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3. Applicability and limitations of diagnostic algorithms

There are limitations and conditions for the applicability of the method considered, as well as ques-
tions that have not yet been investigated or have not been finally resolved within the framework of the
study. The main condition for the applicability of the method of technical diagnostics of the pressure
sensor based on noise analysis is the presence of technological noise of a sufficient amplitude in the
technological process, of which the pressure sensor being diagnosed is a part. Despite the fact that this
condition is usually met in a real technological process, noise characteristics, which are generally un-
known, can have a significant impact on the diagnostic algorithm.

The very nature of the technological process also affects the possibility of diagnostics. As a diag-
nostic parameter, STD is not suitable if there is zero overpressure in the process or processes that change
rapidly over time. You can overcome this limitation if you use additional sources of information about
the process, including data from other sensors (pressure, flow, etc.) installed to monitor the process.

The sufficient level of fault development is also a significant limitation. For failures associated with
fill-oil leakage, this parameter is the percentage of liquid outflow from the separation channel. Based on
the results of the study, it can be argued that the percentage of fill-oil leakage should be sufficient (more
than 10 %) to change the value of the output signal STD so that it can be detected.

Conclusions

In this paper, methods for pressure transmitters condition monitoring are considered. Based on the
hypothesis of the dependence of the noise amplitude on the amount of fill-oil in the pressure sensor
channel, a possible scheme for condition monitoring in the pipe section is presented. The algorithm for
condition monitoring is also considered in stages. This algorithm is implemented on the basis of pro-
cessing the readings from two pressure sensors and analyzing the noise of the output signal. For practi-
cal implementation of algorithms, additional research is required, including the study of the influence of
process noise characteristics on the possibility of detecting a fault, the search for symptoms of early de-
velopment of defects and field trials.
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ANrOPUTMbl AUATHOCTUKN TEXHUYECKOI'O COCTOAHUA
AOATYUKOB OABINEHUA WUTYLEPHOIO UCIMOJTHEHUA

O.10. bywyes, E.C. Ty2coea, M.A. MomopuHa
HOxHo-Ypanbckul eocydapcmeeHHnbili yHUsepcumem, 2. HensbuHck, Poccus

BBenelme. B YCJIOBHUAX NI€pexona MHpOBOﬁ MIPOMBIIIJICHHOCTU K HOBBIM IPOU3BOACTBCHHBIM
TCXHOJIOI' UM aKTyaJ'ILHOﬁ SABJIACTCA 3aJada MOHUTOPUHI'a TEXHUYCCKOI'0 COCTOSAHUA KOMIIOHCHTOB
CHUCTEM aBTOMATHUYCCKOI'O yIpaBJICHHA, KOTOPBIMHU, B YaCTHOCTH, ABJIAIOTCA JATYUKU JABJICHUA. He-
CMOTps Ha HAJIUIUC I/ICCJ'IEI[OBaHI/Iﬁ u p8.3pa60TOK, HallpaBJICHHbLIX Ha CO3JaHUC CUCTEM AUAIrHOCTU-
KU 1 CaMOJIUAaTrHOCTHUKHU JAaTUYUKOB AJaBJICHHA, OCTAIOTCA HEAOCTATOYHO U3YYCHHBIMU MEXAHU3MBEI JIC-
rpagaiiui MEXaHUYCCKUX yacren JaTYUKOB U aJITOPUTMBI JUATHOCTUKU HUX COCTOSHUA B IPOLECCCE
OKCILTyaTaluu.

ue.]'lb HCCJIea0BaHus. Hpez[nompm, AJITOPUTMBI TUATHOCTUKU TEXHUYECKOI'O COCTOSIHUA MEXa-
HPIKO-FPIZ[paBJ'IPI‘IeCKOﬁ CHUCTCMBI npeoGpasoBaTeJm JAaBJICHU INTYHEPHOT'O UCITOJTHCHU.
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Marepuaibl 1 MeTOAbI. JlaHHOE HCCIeOBaHUEe OCHOBBIBAETCS HA MPOBEACHHBIX UCTIHITAHUIX
9KCIEPUMCHTABHBIX 00pa3IOB MOIYJIEH MaBjicHUS ¢ nedeKTaMu, MOICTUPYIOIIUMHU BBITCKaHUE
JKUJIKOCTH U3 Pa3ACIUTEIbHON MOJOCTH MEXaHUKO-TUIPABINICCKON CHCTEMBI IIPEOOpa3oBaTes, U3-
TOTOBJICHHBIX C YY4aCTHUEM MPOU3BOJUTENS JATUMKOB JaBieHHs. MeTol TUarHOCTHKH HEUCTPABHO-
CTH OCHOBAH Ha aHAIM3€ CTATUCTUYECKUX XapaKTEPUCTUK CUTHAJIA Ha BBIXOJE aHAJIOrO-IM(POBOro
npeoOpaszoBarens (ALIIT) moxyins naBieHuUs.

PesynbraTel. B xone ucnbiTaHuil OBUTM MOATBEPKACHBI THUIOTE3BI O 3aBUCHMOCTH CpEIHE-
kBaapatudeckoro oTkioHeHus (CKO) BBIXOMHOTO CHrHajia MOIYJIS TABJICHUSA OT KOJIMYESCTBA pas3fe-
JIUTEIBHOM JKUIKOCTH B KaHaie. Ha OCHOBE MOJYYECHHBIX JAHHBIX OBUTH MPEIIOKCHBI alTOPUTMBI
JIMaTHOCTUKU TEXHUUYECKOT'0 COCTOSIHUS JJaTuMKa JAaBJICHHUs, KOTOPhIE B KAUYECTBE JUArHOCTUYECKOT O
napamerpa ucnonb3yoT 3HaueHus: CKO curHaia JaT4uukoB. AJTOPUTMBI TIPETyCMaTPUBAIOT MPO-
BEpPKY YCJIOBUUA NMPUMEHUMOCTH PAacCMaTPUBAEMOr0 METOAAa M HCIOJIB3YIOT JOMOJHUTENbHYIO WH-
¢dopmaruo o0 TexHonoruueckoM mporecce. CPopMyIUpoBaHbl 33a4H, KOTOPblE HEOOXOAUMO pe-
LIUTh JIJIS IPAKTUYECKON peasn3aliy ajJropuTMOB B peajbHOM MPOU3BOICTBE.

3akirouenue. [IpenoxeHHbIE alrOPUTMbI JUATHOCTUKH TEXHUYECKOTO COCTOSHUS JaTuhKa
JIaBJICHUS] OTJIMYAIOTCS OT U3BECTHBIX alTOPUTMOB JUATHOCTUKU TEM, YTO UCIIOIB3YIOT PE3YJIbTAThI
SKCIIEPUMEHTAIILHBIX HCCIICIOBAaHUM W HampaBlieHbl Ha BBISIBIIEHUE HEUCIIPABHOCTH MEXaHUYECKOM
YacTH JaTYMKOB. AJITOPUTMBI MOT'YT OBITh UCIIOJB30BaHbI JIsi MOHUTOPUHTA TEXHUYECKOTO COCTOS-
HUS TATYUKOB JABJICHHS MITYIIEPHOT'O UCIIOJHEHUS B MPOIIECCE IKCILUTYATALlUH TPH COOJTIOACHUH OIl-
PENeNeHHBIX YCIIOBHA, KOTOPhIE HEOOXOMUMO YTOUHHTH B MPOIECCe AATBHEHUIINX MCCICIOBAHUN U
TTOJICBBIX UCIBITAaHHH.

Kniouegvle crosa: monumopune mexHu4ecko2o0 COCMOSHUSL, 0amyuKy O0asieHusl, MexHU4ecKast
OUASHOCMUKA, AHATU3 ULYMA, CPEOHEKBAOPATNUYECKOe OMKIIOHEHUE.
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